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We present a new scenario for baryogenesis in the context of heterotic brane-world models.
The baryon asymmetry of the universe is generated at a small-instanton phase transition which
is initiated by a moving brane colliding with the observable boundary. We demonstrate, in the
context of a simple model, that reasonable values for the baryon asymmetry can be obtained.








An important feature of brane-world models which has attracted some attention [1] { [7] is the possibility of
branes moving in the course of the cosmological evolution. In this paper, we would like to propose and analyse a
new mechanism for creating the baryon asymmetry in the universe based on moving-brane cosmology.
We will be working in the context of heterotic M-theory [8{10] which constitutes the strong-coupling limit of
E8  E8 heterotic string theory. More precisely, we will be interested in the ve-dimensional heterotic brane-
world models obtained by compactication on a Calabi-Yau three-fold [11,12]. In these models, ve-dimensional
space-time is bounded by two (3+1)-dimensional boundary planes, carrying the observable and the hidden sector,
respectively. Additionally, these models may contain \bulk" three-branes, originating from M-theory ve-branes,
which can move along the fth, transverse direction [10,13]. It is the motion of these bulk three-branes which we
would like to use for our baryogenesis scenario. Another crucial ingredient is the small-instanton transition [14,15]
which occurs when the bulk three-brane collides with one of the boundary planes. It then gets \absorbed" by
the boundary plane and, at the same time, the properties of the four-dimensional theory on the aected plane is
changed. In particular, the gauge group and/or the number of families can change due to the collision [16].
Roughly, our mechanism for baryogenesis is then as follows. We start with a state in the early universe where
the expansion is driven by a gas residing on the observable boundary plane and the kinetic energy of the brane
which moves towards the observable brane. At this stage, the quasi massless spectrum on the observable brane is
given by an N = 1 gauge theory with group GSMU(1)B−L, where GSM = SU(3) SU(2)U(1), three MSSM
families of quarks and leptons plus three right-handed neutrinos (RHNs) and their scalar partners. All these
particles are in relativistic equilibrium. When, eventually, the three-brane collides with the observable boundary,
the gauge group is changed to GSM due to the small-instanton transition and, as a consequence, the RHNs
become super-heavy. Their out-of-equilibrium decay then generates a lepton asymmetry which, via electroweak
sphaleron processes is converted into a baryon asymmetry in the conventional way. Our mechanism is, in some
ways, similar to a standard leptogenesis scenario [17]. However, instead of a GUT phase transition we are using
a small-instanton phase transition, a genuine string eect. As we will see later, there are a number of other
important dierences, including a dependence of the baryon asymmetry on the parameters of the small-instanton
transition and a decoupling of the transition temperature from the RHN mass.
The outline of the paper is as follows. In the next section, we will explain our scenario in detail but on an
informal level. In section three, an explicit realisation of this scenario in terms of a simple model is presented.
The quantitative predictions of this model for the baryon asymmetry are analysed in section four and ve. Section
six contains a summary of our main results and an outlook. Finally, in the appendix, we present a new class
of moving-brane cosmological solutions in the presence of a perfect fluid which are relevant to our baryogenesis
scenario and, possibly, to a number of other applications, such as the inflationary scenario of Ref. [1].
II. THE SCENARIO
Before we explicitly describe our scenario let us briefly explain the theoretical framework which we will be using.
Throughout this paper, we will be working in the context of Horava-Witten theory [8{10], that is, M-theory on the
orbifold S1/Z2. The low-energy limit of this theory is described by 11-dimensional supergravity coupled to two E8
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super-Yang-Mills multiplets each residing on one of the 10-dimensional orbifold xed planes. More specically, we
will be dealing with the ve-dimensional brane-world models that can be obtained by compactifying this theory
on Calabi-Yau three-folds [11,12]. These models are described by gauged ve-dimensional N = 1 supergravity
theories in the bulk coupled to N = 1 gauge theories located on the now four-dimensional orbifold planes. As
usual, we will interpret one of these orbifold planes as the observable sector and the other one as the hidden
sector.
In addition, M-theory ve-branes can be included in the compactication from 11 to ve dimensions [10,13].
They wrap a two-dimensional curve in the Calabi-Yau space, stretch across the four uncompactied dimensions
and are parallel to the orbifold planes. Hence, they appear as three-branes in the ve-dimensional brane-world
theory which are located somewhere in the bulk between the two orbifold planes. Each of these three-branes
carries an additional N = 1 supersymmetric theory. A crucial feature for our purpose is that these three-branes
are not xed but, rather, can move along the orbifold direction.
The specic form of the N = 1 theory on, say, the observable orbifold plane is determined by the details of
the compactication, that is, by the choice of Calabi-Yau manifold and internal vector bundle. The internal
vector bundle can be thought of as instantons on the Calabi-Yau space which serve to break the E8 gauge group
to a phenomenologically more favourable subgroup. For dierent such instanton congurations one generally
obtains dierent gauge groups and dierent sets of matter elds on the orbifold plane. It has been shown that
phenomenologically interesting low-energy theories can be obtained in this way [18]{ [24]. The dependence of the
low-energy spectrum on the internal instanton conguration will be of particular importance for us.
A nal theoretical ingredient which we need to discuss is the small-instanton transition [14{16]. This process
occurs when one of the three-branes in the ve-dimensional brane-world model collides with an orbifold xed plane.
From a ve-dimensional viewpoint, this three-brane is then \absorbed" by the orbifold plane and disappears from
the brane-world theory. For a more microscopical picture we recall that the three-brane originates from an M
5-brane which wraps a curve in the Calabi-Yau space and, hence, carries some internal structure. As the brane
collides with the orbifold plane, this structure is being converted into an E8 gauge instanton on the Calabi-
Yau space. In other words, the internal instanton conguration, associated with the orbifold plane in question,
is changed in such a collision. In accordance with the above discussion, this generally also implies that the
low-energy gauge-group or the matter-eld content on the aected orbifold plane is altered [16].
We are now ready to discuss our baryogenesis scenario. We will be working in the context of the ve-dimensional
brane-world model described above, where we consider a single three-brane in the bulk, for simplicity. Let us
consider a period in the early universe after inflation where this three-brane moves along the orbifold. We consider
the existence of such a period a quasi-generic feature of our brane-world model. More precisely, we will analyse
the cosmological evolution of the model starting out from some initial conguration, specied at time ti. At this
time, we assume the brane to be located at a specic point in the orbifold direction, possibly close to the hidden
orbifold plane, and having a certain initial velocity pointing towards the observable orbifold plane. In addition,
we assume that the energy density on the observable orbifold plane is dominated by a gas with temperature Ti
while there is no signicant contribution to the energy density from the hidden orbifold plane. One may, for
example, think of this initial state as the result of reheating after inflation. At this stage, the observable orbifold
plane carries an N = 1 gauge theory with gauge group G and a certain number of chiral matter elds. We assume
that this gauge group contains the standard model group GSM = SU(3)  SU(2)  U(1)Y , that is, GSM  G.
For concreteness, let us, in the following, discuss the "minimal choice" G = GSM  U(1)B−L, where B and L
are baryon and lepton number, respectively. For simplicity, we also assume three standard model families plus
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the same number of right-handed neutrinos (RHNs) and their scalar partners. However, our mechanism will
work for other groups G, such as grand unied groups, and a more general matter eld content as well and the
subsequent discussion can be easily modied accordingly. All particles on the orbifold plane are exactly massless
perturbatively and it is plausible to assume that masses generated by non-perturbative eects will not exceed the
electroweak scale. We further assume that the temperature Ti is much higher than that so that the gas on the
observable plane consists of all available particles each being in relativistic equilibrium. We have, schematically,

















FIG. 1. Shown are the three main stages of our scenario. The three-brane starts its evolution at some initial time
ti when the observable plane carries a gas with temperature Ti consisting of all degrees of freedom of an N = 1 gauge
theory with group G ⊂ GSM plus matter fields (top). Shortly before the three-brane collides with the observable plane the
gas has cooled to a temperature Tc (middle). After the collision, the theory on the observable plane has been changed to
the supersymmetric standard model due to the small-instanton phase transition. We now have a gas of standard model
particles with temperature T0 plus right-handed neutrinos which were massless in the original G theory and have now become
super-heavy (bottom). Their decay generates the lepton asymmetry.
Starting from this initial state, the three-brane moves towards the observable plane while the gas on this plane
cools until it reaches the temperature Tc shortly before collision. This is shown in the middle of g. 1. In the next
section, we will describe this evolution using the four-dimensional eective action associated with our brane-world
model. As we will see [7], the three-brane motion necessarily implies a time evolution of the orbifold size as well
as an evolution of the Calabi-Yau volume. We, therefore, have to consider three scalar elds contributing to the
kinetic energy during this epoch.
When the three-brane nally collides with the observable plane, the theory on this plane is changed. We
assume that the initial N = 1 gauge theory with group G  GSM plus matter elds is converted precisely into
the supersymmetric standard model (MSSM) by the small-instanton transition. Later on, we will present explicit
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arguments that this can indeed be achieved for our concrete example G = GSM  U(1)B−L. As a consequence,
the right-handed (s)neutrinos, previously eectively massless, now become super-heavy with masses Mi, where
i is a generation index. What does this imply for the evolution of the gas on the observable plane during the
transition? Before the collision, all MSSM particles are in thermal equilibrium at temperature Tc. Further,
due to their U(1)B−L gauge interactions, the RHNs and their scalar partners are also in relativistic equilibrium
[27]. After the collision, we have a gas of standard model particles in relativistic equilibrium at temperature T0
which we assume to be much larger than the electroweak scale. It is plausible that a substantial number of now
super-heavy RHNs is still present after the collision. In particular, if the characteristic time-scale of the collision
is much shorter than the RHN decay time, as we will assume later on, one expects the number of RHNs to be
basically conserved during the transition. Their number density after the collision is then given by the relativistic
equilibrium distribution before collision. The decay of those super-heavy RHNs then creates a lepton asymmetry.
Since the temperature T0 is much higher than the electroweak scale, sphaleron processes can then be invoked as
usual to convert this into a baryon asymmetry.
III. THE MODEL
We would now like to be more explicit and realize our scenario in terms of a simple model which will allow us
to quantitatively estimate the generated baryon asymmetry.
First, we need to describe the three-brane motion across the orbifold which we will do in terms of the relevant
four-dimensional N = 1 eective action. The minimal version of this action contains three moduli elds, namely
the dilaton S, the universal T -modulus and the eld Z related to the position of the three-brane. The Ka¨hler
potential for these elds is given by [25,26]
K = − ln





− 3 ln (T + T  , (1)
where q5 is a constant. In terms of the underlying component elds, these superelds can be written as [26]
S = eφ + q5z2eβ − 2i(σ − q5z2χ)
T = eβ + 2iχ (2)
Z = eβz − 2i(ζ − zχ) .
Here the three real scalars σ, χ and ζ are axionic elds, which can be set to zero consistently. We will do this,
for simplicity, and work with the three remaining real scalar elds φ, β and z. From the above expression for the
Ka¨hler potential, the action for these component elds is given by


















The interpretation of these scalar elds is as follows. The size of the Calabi-Yau space and the orbifold are
proportional to eφ and eβ, respectively, while the position of the three-brane is given by z 2 [0, 1] where z = 0
corresponds to the observable (say) orbifold plane and z = 1 to the hidden one. Perturbatively, these elds
represent flat directions but at non-perturbative level a potential may have to be added to the above action. For
simplicity, we will not consider such a potential explicitly which amounts to assuming that the energy density
in the gas and the kinetic energy dominate the potential energy. As mentioned earlier, a moving three-brane
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necessarily implies time-evolution of the elds φ and β, as can be seen from the kinetic term of the z eld in
Eq. (3).
The cosmological solutions to the action (3) with a moving three-brane but without a gas have been found in
Ref. [7]. Here, we will need the generalisation of those solutions to include the stress energy due to a gas with
pressure pgas = ρgas/3 located on the observable brane at z = 0. Remarkably, these solutions can be found exactly
even for the more general equation of state pfluid = wρfluid where w is a constant. They are explicitly given in
Appendix A. We stress that for our application to baryogenesis we will be using the positive-time branch of those
solutions. Hence, unlike the inflationary scenario of Ref. [2] and pre-big-bang cosmologies in general, our model
has no exit problem. What we need for our application is not so much the detailed form of the solution but,






of the total kinetic energy of the three scalar elds and the energy density of the gas. In terms of our explicit
model, both quantities are dened in Eq. (A25) and (A26). As we will see, for our simple description of the
collision later on, the quantity rc  r(Tc) and the temperature Tc is all we really need to know as input right
before the collision. The question is then how these quantities depend on the initial data and whether they are









where ri  r(Ti). This relation, of course, simply reflects the standard scaling properties of radiation and
kinetic energy. Of course, there is no a priori information about the initial data although there may be plausible
assumptions about its nature 1. However, this data is constrained by requirements to be imposed at time tc
before collision. First of all, we need to pick a solution where, at time tc, the three-brane indeed collides with
the observable plane at z = 0. In addition, we may require that the size of the Calabi-Yau space and the
orbifold at time tc are in the appropriate range for gauge unication in the sense of Ref. [10], thereby imposing
constraints 2 on φ(tc) and β(tc). One can demonstrate from the explicit form of the solutions in App. A that all
these constrains can be satised simultaneously by choosing appropriate initial conditions and that, by doing so,
no further constraints on Ti, ri, Tc and rc other than Eq. (5) are imposed. We will therefore use Eq. (5) as the
single relation to link the initial state with the state before collision.
We should now discuss the brane collision. First, how do we realize the required transition of the gauge group
from G = GSM  UB−L(1) to GSM? To obtain G we need an internal bundle with structure group SU(4) Zn
where Zn corresponds to a Wilson line. The SU(4) part serves to break the original E8 to SO(10) and the Zn
Wilson line can be chosen to break SO(10) precisely into G. To realize GSM the required bundle structure is
SU(5)Zm with an appropriate Zm Wilson line. From a purely group-theoretical viewpoint, the SU(5)-breaking
1An example is to assume that ri ∼ 1, so that kinetic and radiation energy density are of the same order, initially. Then,
from Eq. (5), we have rc  1 for only a moderate decrease in temperature and, hence, a case with small brane impact.
2For a fully realistic model, one would have to include non-perturbative stabilising potentials for these elds.
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Wilson line Zm can be chosen as the intersection of the SO(10)-breaking Wilson line Zn with SU(5). This
suggests that the Wilson lines can be viewed as \spectators" and that the required transition of the internal
bundle is basically SU(4) ! SU(5). Such transitions can indeed be obtained for suitable compactications and
explicit example have been given in Ref. [16].
Our main task is now to determine the basic initial conditions for leptogenesis, that is the initial number density
of RHNs and the temperature at the beginning of leptogenesis, in terms of the parameters of our model. We
have three generations of matter elds, in particular three RHNs with associated heavy mass scales Mi, where
i = 1, 2, 3. For simplicity, in this and the following section, we will discuss the single-family case focusing on the
rst generation with corresponding RHN mass M = M1. Our results are easily generalised and all three flavours
will be included in the numerical simulation, later on. Unfortunately, a detailed microscopical understanding
of the dynamics of the small-instanton transition is well beyond present knowledge and we will not attempt to
improve on this in the present paper. Instead we will rely on a \phenomenological" description mainly based on
three simple assumptions in order to analyse our scenario. First of all, we assume continuity of the scale factor and
its derivative across the transition. This allows us to match the total energy densities before and after. Secondly,
we assume that the energy density after the collision is dominated by the gas of standard model particles and
super-heavy RHNs. This asserts, among other things, that the scalars φ and β do not carry signicant kinetic
energy after the collision 3. While a generalisation to include scalar eld evolution after collision may be feasible,
we would like to focus on the rather simpler case here. With these two assumptions, the energy density matching
simply reads
ρgas(Tc) + ρkin(Tc) = ρgas(T0) + ρN (T0) , (6)
where ρN is the energy density in RHNs and their scalar partners. Our third assumption is that the transition
time is much shorter than the decay time of the RHNs and, in fact, electroweak interaction rates. This implies
that number densities of all particles in the initial gas are essentially unchanged across the transition. If the brane
impact is suciently large, so that a signicant amount of energy is transferred to the gas, one expects the gas to
be out of equilibrium after the transition. Given our ignorance about the details of the transition, such a situation
will be hard to describe quantitatively. We, therefore, require that equilibrium is restored on a time-scale much
shorter than the RHN decay time. We will identify the third stage of our scenario, corresponding to temperature
T0, with this particular time when equilibrium has been restored after the transition. Let us now analyse the
conditions for such a swift thermalisation. The typical ratio of RHN decay rate ΓN and electroweak interaction













where M is the mass of the RHN and x0  x(T0). We should now distinguish the two cases x0  1 and x0  1.
In the former case the ratio (7) is suppressed by x0 and all particles including the RHNs get into equilibrium well
3The same is required for the bundle modulus which corresponds to the size of the small instanton.
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before the RHNs decay. Hence, the RHNs are in relativistic equilibrium at temperature x0. This determines the
initial conditions for leptogenesis in the case x0  1 which are similar to the ones in the standard leptogenesis
scenario. In particular, due to the thermalisation of RHNs after the collision, the initial number density of RHNs
does not depend on the parameters of the small-instanton transition.
On the other hand, if x0  1, the RHNs are non-relativistic after collision and will not return to equilibrium.
In order for the gas of MSSM particles to thermalise before the RHNs decay we should require, from Eq. (7),that
jhν j2 < αEW /x0. This puts a mild constraint on the RHN Yukawa coupling which we will assume to be satised
in the following. Then, the RHN number density at T0 is given by its equilibrium value before collision, that is,
by











g(T )T 4 (10)
for the energy density of a gas at temperature T . Applying the energy matching condition (6) to relate the




= (1 + rc − δxc) . (11)




 10−2 . (12)
Eq. (11) represents the crucial matching condition for the case x0  1. The inequality x0  1, expressed in
terms of the initial data at temperature Tc, takes the form
xc  (1 + rc)1/4 . (13)
The interpretation of the right-hand side of Eq. (11) in terms of an energy balance is straightforward. The rst
two terms represent the positive contributions from the energy density stored in the gas before collision and the
kinetic energy of the scalar elds. Accordingly, the cases rc  1 and rc  1 correspond to a collision with small
and large impact respectively. The third term is due to the RHNs becoming massive and, hence, it contributes
with a negative sign. Of course, we have to ensure that the energy density before collision is suciently large to
account for the masses of the RHNs or, in other words, that the right-hand side of Eq. (11) is positive 5. Even
more stringent, there should be enough energy so that the temperature after collision exceeds a certain minimal
temperature. Since we would like sphaleron eects to convert the lepton asymmetry into a baryon asymmetry
this minimal temperature should correspond to the electroweak scale TEW. This leads to the following constraint
4We recall, that we have assumed, for simplicity, that the number of families is unchanged by the transition and, hence,
g∗(Tc) ' g∗(T0). If we had allowed for a change in the number of generations, the right-hand side of Eq. (11) would have
to be multiplied by g∗(Tc)/g∗(T0).






< (1 + rc − δxc) . (14)
Depending on the parameters, after the collision, either the gas or the massive RHNs may dominate the energy





the universe is radiation dominated after collision, that is ρN (T0) < ρgas(T0), and matter dominated otherwise.
For the case x0  1, we are now ready to express two crucial input quantities for leptogenesis in terms of the
parameters of our model. These are the temperature x0 at which the RHNs start to decay and the number of
RHNs per entropy density YN (T0). We nd












δ [1 + rc − δxc]−3/4 , (17)





In the following section, we will use these input values for a simple analytic estimate of the baryon asymmetry if
x0  1. Such an estimate is possible since at these low temperatures lepton number violating scattering processes
mediated by the RHNs are inoperative. For x0  1 or x0  1, on the other hand, the wash-out due to scattering
can be signicant and a quantitative description requires the numerical integration of the full set of Boltzmann
equations. This will be discussed in further detail in section ve.
IV. ESTIMATE OF THE BARYON ASYMMETRY
In this section we focus on the case x0 > 1. The lepton asymmetry is generated in the decays of the RHNs due
to the CP asymmetry i in the decay into (s)leptons and anti-(s)leptons which arises due to interference between
tree-level and one-loop diagrams [28]:













i ) , (19)















The second term in Eq. (20) originates from the one-loop self-energy, which can only be reliably calculated in
perturbation theory for suciently large mass splittings [29]. In the case of small mass splittings this contribution
could be enhanced, although the influence of the thermal bath on this eect is unclear, but then the contributions
of the three generations of RHNs to the lepton asymmetry will partially cancel each other, in analogy to the GIM
mechanism in the standard model. For simplicity we will therefore assume a hierarchy of the form M1 M2, M3 6.
6In principle, all masses, or at least Yukawa couplings, should be computable in a given M-theory model. While it would
be interesting to analyse this in more detail in relation to our scenario, here we will simply treat those parameters as
phenomenological quantities.
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Of course, all three generations of RHNs could still contribute to the lepton asymmetry. However, if one assumes
such a hierarchy there should not be strong cancellations between the dierent contributions. As in the previous
section, we will focus on the rst family, setting CP = 1. Our result can then be easily generalised to apply to all
flavours i with Mi/T > 1. Eq. (20) also gives the CP asymmetry in the decays of scalar right-handed neutrinos
into (s)leptons and anti-(s)leptons. At temperatures far above the electroweak scale, where SUSY breaking eects
can be neglected, they will give the same contribution to the lepton asymmetry as the RHNs [32]. For simplicity,
we will only mention RHNs in the following, but the contributions from their scalar partners will be included in
our results.
B+L violating sphaleron processes, which are in equilibrium for temperatures between O(1012) GeV and TEW ,
will partially convert the produced lepton asymmetry YL into a baryon asymmetry YB , giving rise to the following
relation between baryon and lepton asymmetries:
YB = − 823YL . (21)
The observed value for the baryon asymmetry is given by YB  10−10.
In the case x0 > 1, considered in this section, decay processes dominate over scattering processes. Hence, the
scenario for leptogenesis simplies to that of the out-of-equilibrium decay of a massive, non-relativistic species
(RHNs) into light degrees of freedom. The evolution of the system composed of heavy RHNs and a gas of
relativistic particles can be described by the equations [30]:
_ρN + 3HρN + ΓNρN = 0 , (22)
_ρgas + 4Hρgas − ΓNρN = 0 , (23)
_nL + 3HnL − CPΓN ρN
M
, = = 0 , (24)
where nL is the density of the net lepton number generated in the decays, ΓN = (hνhyν)11M1/(4pi) is the decay




(ρN (T ) + ρgas(T )) .
From Eqs. (22-24) the evolution of the number per entropy densities YN , YL can be written as








where S is the entropy per comoving volume. The nal value of the lepton asymmetry after the RHNs have
decayed (tf  Γ−1N ) is then given by




where YN (T0) is given in Eq. (17) in terms of the parameters of the model, and the factor 2 arises due to the
contributions from scalar RHNs. The factor S0/Sf is the usual dilution factor due to entropy production during
the decay. That is, assuming that the decay products rapidly thermalise, they heat up the Universe and contribute






where a is the scale factor. Entropy production will be signicant if the total energy density is dominated by
the RHNs, that is, when the decay products can make a non negligible contribution to the thermal bath. On the
other hand, if at T0 the energy density was dominated by the gas of relativistic particles, the decay products will









































1 + rc , (30)
with Tf ’ 0.5g(T0)−1/4
p
MP ΓN .
Let us rst discuss the case where the RHNs dominate the energy density after collision, that is, when signicant







of our model, where we recall that δ  10−2 and rc  1 (rc  1) corresponds to a small (large) impact collision.
We remind the reader that the lower bound in Eq. (31) guarantees that the universe is matter-dominated after
the collision, see Eq. (15), while the upper bound is the kinematic limit which ensures that enough energy is
available to account for the RHN mass, see Eq. (14) in the limit xc/xEW  1.






where the number of relativistic degrees of freedom g ’ g(T0) is taken to be practically constant through the
decay. Hence, for this case, the nal baryon asymmetry does not depend on the parameters of the small instanton
transition. In particular, it is independent of the initial number of RHNs given in Eq. (17). For typical values
CP  10−6 { 10−8 one can clearly obtain an acceptable value for baryon asymmetry, in this case.
On the other hand, if there is no signicant entropy production and, hence, the universe is radiation dominated
after the collision, we should consider the parameter range
(1 + rc)1/4 < xc <
1
2δ
(1 + rc) . (33)
The lower bound is equivalent to x0 > 1, implying non-relativistic RHNs after the collision, see Eq. (13), while
the upper bound guarantees a radiation-dominated universe after collision, see Eq. (15). Using Eqs. (27) and (17)
the lepton asymmetry is then given by
YL ’ CPYN (T0) = 34 CPδ(1 + rc − δxc)
−3/4 . (34)
Given that δ  10−2 and CP  10−6 { 10−8, it is possible to obtain the observed value for the baryon asymmetry
for suitable choices of the parameters. However, unlike in the previous case, the result does depend on the
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parameters of the small-instanton transition, in particular on the parameter rc which measures the brane impact.
Specically, for large impact, rc  1, we have
YL ’ CPδr−3/4c , (35)
while for small impact, rc  1, we have instead
YL ’ 34 CPδ(1− δxc)
−3/4  CPδ . (36)
V. NUMERICAL COMPUTATION OF THE BARYON ASYMMETRY
If x0  1 or x0 = O(1) then lepton number violating scatterings, which can reduce the generated lepton
asymmetry by several orders of magnitude, can no longer be neglected, and one has to solve the full network of
Boltzmann equations. In this case the expected asymmetry from Eq. (27) will be reduced by a washout factor κ,
that is, the generated asymmetry will be




This has been studied previously in the standard scenario of thermal leptogenesis [32]. A characteristic feature





where v2 is the vacuum expectation value of the MSSM Higgs eld which gives Dirac masses to up-type quarks
and neutrinos. This is due to the fact that all the scattering and decay terms entering in the Boltzmann equations
are proportional to some power of ~m1. Thermal leptogenesis is only possible in a rather narrow range of ~m1. If ~m1
is too low, the Yukawa interactions are too weak to produce a sucient number of RHNs at high temperatures,
whereas for large ~m1 the lepton number violating scattering processes mediated by the RHNs are too strong and
destroy any generated asymmetry [32].
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FIG. 2. The washout parameter κ as a function of ~m1 for different values of the initial temperature x0 = 0.1, 5, 10 and
20 (from left to right).
In order to see whether this is also the case in our scenario we have numerically solved the set of Boltzmann
equations, using initial conditions as discussed in section 3 and starting the simulation at dierent values of
x0. The results are shown in Fig (2), where we have plotted the washout factor κ as a function of ~m1, for
initial temperatures x0 = 0.1, 5, 10 and 20. Further, we have assumed a hierarchy of RHN masses of the form
M1 = 1010 GeV, M2 = 3 1011 GeV and M3 = 1013 GeV.
Fig. 2 shows that κ converges towards unity for small ~m1, independently of the starting temperature x0, since
then the washout processes are suppressed and are out of equilibrium when the lepton asymmetry is produced.
For larger ~m1 the generated asymmetry starts to depend on x0, since then the lepton number violating scattering
processes can still be in thermal equilibrium at temperatures below the RHN neutrino mass, that is, even for x0 > 1
the generated asymmetry can be reduced by washout processes. Eventually however, the washout processes will
freeze out, i.e. a larger x0 will result in a larger remaining asymmetry. If ~m1 gets very large, above  310−2 eV,
the washout processes remain in thermal equilibrium down to very low temperatures, hence even for x0  1 the
generated lepton asymmetry is strongly suppressed. In summary, we see that κ approaches one for an increasing
range in ~m1 as x0 increases, which justies our estimate for x0  1 in the previous section.
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VI. CONCLUSIONS AND OUTLOOK
Let us summarise the most important points and conclusions of this paper. We have proposed, in the context
of heterotic M-theory brane-world models, a scenario for baryogenesis based on a small-instanton phase transition
induced by a brane collision. A crucial dierence to more standard scenarios, such as leptogenesis, is the decoupling
of the temperature T0 after the phase transition from the RHN mass. This allows, for example, the generation
of a lepton asymmetry at temperatures signicantly below the RHN mass. We have found that, in same cases,
the generated baryon asymmetry depends on characteristics of the brane-collision, such as the \impact" of the
colliding brane. Most importantly, we have demonstrated that an acceptable value for the baryon asymmetry can
be obtained under reasonable assumptions for the parameters in the model.
We have also performed a more detailed analytical as well as numerical analysis of our scenario, the latter based
on the full set of Boltzmann equations. We have seen that the results crucially depend on the value xc = M/Tc
(where M is the RHN mass and Tc is the temperature before brane collision) and the impact parameter rc. For
xc < O(1) the RHNs thermalise after the collision and before decaying. At the same time, scattering eects may
be important and may wash out the baryon asymmetry. This case is, in fact, similar to standard leptogenesis
as can be seen from the numerical results. If, on the other hand, xc > O(1) scattering eects are expected to
become less important, which is indeed what our numerical results show. This allowed us to perform an analytic
estimate in this case. It turns out that, between, roughly, O(1) < xc < O(50) the universe is radiation-dominated
after the collision. The baryon asymmetry then depends on the parameters of the collision such as the precise
value of xc and the impact parameter rc. If xc > O(50), on the other hand, the energy density after collision
is dominated by massive RHNs and, hence, the universe is matter-dominated. The baryon asymmetry is then
diluted by signicant entropy generation and becomes independent of the collision parameters xc and rc.
Our description of the small-instanton transition was based on a number of \phenomenological" assumptions.
It would clearly be desirable to carry out a more microscopical analysis. Unfortunately, a low-energy eective
description of the transition, suitable for our purpose, is not available at present. Developing such a description
and applying it to our proposal is an interesting challenge for future research.
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APPENDIX A: PERFECT FLUID COSMOLOGY WITH A MOVING BRANE
In this appendix, we present the moving-brane cosmological solutions to the action (3) in the presence of a
perfect fluid with equation of state pfluid = wρfluid where w < 1 is a constant. These solutions may have a wide
range of applications in the context of moving-brane cosmologies. For example, for w = −1 they describe the
motion of a brane in the background of a cosmological constant, a result relevant to the inflationary scenario of
Ref. [1]. For the purpose of this paper, the solutions will be used to analyse the rst stage of our baryogenesis
scenario.
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We start with the Ansatz
ds2 = −e2ν(τ)dτ2 + e2α(τ)dx2 (A1)
β = β(τ) (A2)
φ = φ(τ) (A3)
z = z(τ) (A4)
where we have chosen flat spatial sections, for simplicity. The energy density and pressure of the perfect fluid can
be written as
ρfluid = ρ0e−3(1+w)α (A5)
pfluid = wρfluid (A6)
where ρ0 is a constant. We can integrate the equation of motion for z derived from the action (3) to obtain
_z = ue−3α+ν−β+φ . (A7)
This result can be used to eliminate z so that we remain with a closed set of equations for the elds α, β and
φ. Using the formalism of Ref. [33], these equations can be very elegantly summarised by an eective \moduli
space" Lagrangian given by
L = 1
2
Eα0T Gα0 − E−1U . (A8)
Here we have arranged the elds into a vector α = (α, β, φ)T and G = diag(−3, 34 , 14 ) is a constant metric. The
\Einbein" E is a non-dynamical eld dened by E = e3α−ν whose equation of motion leads to the Friedman








The rst term originates from the perfect fluid where
u20 = ρ0 , q0 = (3(1− w), 0, 0)T (A10)





2 , q1 = (0,−1, 1)T . (A11)
The vectors qr are characteristic for the respective origin of the potential term. Note that in our particular case
we have
< q0,q1 > qT0 G−1q1 = 0 (A12)
This implies that we are dealing with an SU(2)2 Toda model which can be integrated exactly. Following Ref. [33],








σ1 + σ2 (A14)
φ = −
p
3σ1 + σ2 (A15)
ν = 3α (A16)
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with the modes



















jkrjqr(jτ j − τr) (A20)
where r = 0, 1. Further, the constants qr are dened by
q0 =
p
3(1 − w) , q1 = 4p
3
, (A21)
and τi, where i = 0, 1, 2, are arbitrary integration constants. The integration constants ki, where i = 0, 1, 2, are






which originates from the Friedman equation. Inserting these results into Eq. (A7) we nd that the brane motion
is described by











Let us discuss some properties of these solutions. It is straightforward to show that the total kinetic energy








eβ−φ _z2 = k21 + k
2
2 (A25)





Dening the ratio r of kinetic to fluid energy density one then nds in view of Eq. (A22)
r  ρkin
ρfluid
= sinh2(x0) . (A27)









where a = eα is the scale factor.
For a gas with temperature T we have T  a−1 (assuming isentropic evolution and unchanged number of
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